In Rhizobium leguminosarum bv. viciae, NodD, a member of the LysR-type transcriptional regulators, while auto-regulating, activates transcription of other nod genes in the presence of naringenin. A hinge region of NodD was previously identified in our laboratory as a functional region independent of its N-terminal DNA-binding and C-terminal regulatory domain. Further study was carried out to see the possible effect of the length variation in the hinge region on NodD's properties. To our surprise, as many as seven classes of phenotypes were observed. Class I is deficient of activating nodA transcription and abolishes auto-regulation; class II is able to activate nodA transcription independently of naringenin and abolishes auto-regulation; class III retains autoregulating but partial activating ability; class IV is able to activate transcription independently of naringenin and retains auto-regulation; in class V, nodA is transcribed constitutively but the transcription level is drastically down-regulated in the presence of naringenin; in class VI, nodA is transcribed constitutively with higher induction ratio; in class VII, nodA is transcribed constitutively with lower induction ratio. To learn more about the possible mechanism, circular permutation assays were done, which showed that the length variation of the hinge of NodD caused by mutation led to the change in bend angles of nod promoter. This finding should help to get an insight into how transcriptional regulation is mediated by NodD at the molecular level as well as to understand the regulatory system of this important family.
Introduction
In nitrate-poor soil, symbiosis between rhizobia and leguminous plants leads to the development of nitrogenfixing nodules, in which atmospheric nitrogen is fixed. Molecular signal transduction between rhizobia and their hosts triggers nodulation. The nodulation (nod) genes of rhizobia play important roles in the development of nodules. nod genes are involved in synthesis of Nod factors that are required for bacterial entry into root hairs [1] . Thirteen nod genes have been identified on pRL1JI, Sym (symbiosis) plasmid of Rhizobium leguminasorum bv. viciae and they are classified into five transcription units: nodD, nodABCIJ, nodFEL, nodMNT, and nodO [2 -5] . Among these nod genes, nodD is constitutively expressed and is negatively auto-regulated [6, 7] , while most other nod genes are inducible and positively regulated by NodD in the presence of flavonoids released by plant roots [2, 5] . NodD proteins bind to the highly conserved 47-bp DNA motif (nod box) within the promoter regions of inducible nod genes [3, 8, 9] .
NodD is a member of the LysR-type transcriptional regulators (LTTRs), which are thought to be one of the largest families of prokaryotic DNA-binding proteins [10] . LTTRs regulate the transcription of numerous genes and operons involved in diverse metabolic processes, such as amino acid biosynthesis, CO 2 fixation, nitrogen assimilation and catabolism of aromatic compounds [11] [12] [13] . Most LTTRs, while activating expression of target genes in the presence of small specific molecules, repress their own expression. Through mutational study and amino acid sequence similarity analysis, N-terminal DNA-binding domain and C-terminal regulatory domain of LTTRs were found [10, 14, 15] , and the 66 N-terminal amino acids were likely to form a conserved helix-turnhelix motif [16] . The regions of DNA protected by LTTRs from DNase I digestion are usually 50-60 bp in length and highly conserved [17] [18] [19] [20] .
Efforts were made to build the relationship between the primary structures and the properties of the proteins encoded by the nodD genes. Point mutations in NodD from R. leguminasorum led to alteration of autoregulation and/or transcriptional activation properties [21] [22] [23] . By in vivo homologous recombination between nodD1 gene of R. meliloti and the nodD gene of R. trifolii, several regions of the nodD product involved in autoregulation and the specific activation by flavonoids are located [24] . In our previous work, we identified an intra-molecular functional region between the DNA-binding domain and regulatory domain. The tetracysteine tag insertion mutants of NodD within the hinge region could constitutively activate nodA transcription and retain their auto-regulation abilities [25] .
The mechanism by which LTTRs switch on and off their target promoters in response to co-inducer is not fully understood. Several clues indicate that LTTRs may regulate transcription through modulating the DNA structure [26] [27] [28] . For example, in vitro, the ligand of OccR octopine can relax the OccR-incited DNA bend [26] . The wild type OxyR-wt causes a sharper DNA bend on the oxySRS promoter than the positive mutant OxyR-C199S, which is locked in the activated conformation [27] . The DNA bending by CatR is also inducer CCM-responsive [28] . In Sinorhizobium meliloti, NodD also binds to two distinct sites on the same face of the nod box helix and induces a bend in the DNA [29] .
In R. leguminasorum bv. viciae, NodD binds to nod box as a homo-tetramer to form V-shaped NodD-nod box complex [30] . Modulating DNA bending is correlated with its NodD-mediated transcription [31] . It was also reported that NodD sharpens the bend in response to the inducer naringenin [31] .
In this study, to examine how the length variation in the hinge region affects DNA bend, we modulated the length of the region and obtained seven classes of phenotypes. Circular permutation assays showed that the DNA bend angles induced by NodD mutants were differential. The results suggested the variant length of the hinge region caused by mutation could modulate the architecture of promoter DNA.
Materials and Methods

Microbiological techniques
Bacterial strains and plasmids are listed in Table 1 or in the text. Media and general growth conditions were as described by Hu et al. [6] . Biparental conjugation was performed to mobilize broad host range plasmids from Escherichia coli S17-1 to R. leguminosarum as described by Simon et al. [32] .
Site-specific mutagenesis of nodD by primer overlap extension PCR Site-specific mutagenesis by primer overlap extension PCR was described previously [33] . The primers used are listed in Table 2 . Four primers and three PCR are used to create a site-specific mutation. In the first two PCR, the forward primer (F) paired with primer EnodD and the reverse primer (R) paired with primer BnodD. In the third PCR, primer EnodD paired with primer BnodD, and the PCR products of the first two PCR were used as templates. PCR products of 1.2 kb in length, containing mutated nodD, were cloned into the plasmid pKT230 at BclI and EcoRI sites. The plasmids were transferred from E. coli S17-1 to R. leguminasorum bv. viciae 8401 containing either pMP221A or pMP220D [53] by biparental conjugation. The resulting clones were sequenced by Sangon Company (Shanghai, China).
b-galactosidase assay
Rhizobium was incubated at 288C under aeration in TY medium [6] . Cells were first grown 20 h up to stationary phase, then subcultured into fresh TY media at 1:100 dilution. Naringenin was added to a final concentration of 10 mM as the induction condition. The culture was incubated until the OD 600 value increased to 0.4. The b-galactosidase assays were performed as described previously [34] . Assays of b-galactosidase activities were performed in triplicate and were reproducible within 15% from experiment to experiment.
DNA bending by circular permutation assay
Using pUW as the template [28] , PCR was used to generate three DNA fragments with the following three pairs of primers: BP1, 5 0 -TTGAATATCCATTCCATAGATGA-TTGCCATCCAAAC-3 0 and BP2, 5
0 . The NodD-binding sites (nod boxes) are distributed from the ends to the middle of the DNA fragments. These fragments were digested by EcoRI and radio-labeled by blunting the ends with [a- 32 P]dATP to produce three 222-bp probes. These probes were incubated with proteins prepared from R. leguminasorum bv. viciae 8401 (harboring either wild type nodD or its mutants) at 288C. Gel mobility shift retardation assays then were performed as described previously [35] at 48C. After electrophoresis, the gel was dried and subjected to autoradiography for diverse time to get clear shift band. Table 2 Primers used in this study
Protein purification Cell pellets obtained by centrifugation of 350 ml of culture of R. leguminosarum 8401 (harboring either wild type nodD or its mutants) were re-suspended in 10 ml TEGB buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 5% glycerol, 10 mM 2-mercaptoethanol and 50 mM NaCl). And then they were sonicated for 30 times (30 s per time) at 70% output power (Ultrasonics W375 sonicator; Heat Systems, Plainview, USA) in a salt/ice bath. The lysate was centrifuged at 19,500 g for 10 min to remove unbroken cells and cell debris. The resulting supernatants were precipitated by 20 -40% saturated ammonium sulfate [36] . After dialysis, the volume of the wild type, I1, I2, D1, and D2 was adjusted to 10 ml; the volume of I3, I4, I5, and I6 was 2 ml and the volume of D3, D4, D5, and D6 was 0.5 ml. About 4 ml of those prepared proteins per lane was incubated with DNA probe.
Results
A wide range of phenotypes of mutants were obtained by mutation within the hinge region of NodD NodD comprises N-terminal DNA-binding domain, a hinge region and C-terminal regulatory domain (Fig. 1) .
A series of insertion and deletion mutants were constructed by PCR-directed site-specific point mutation.
Mutations were made within the hinge region I85-D96 of NodD through insertion and deletion ( Table 3) . Primer overlap extension PCR was performed as described in 'Materials and Methods'. The engineered nodD gene mutants were then cloned into pKT230 and transferred into R. leguminasorum bv. viciae 8401( pMP221A) or R. leguminasorum bv. viciae 8401( pMP220D) to examine their effects on nodA activation (nodA-lacZ) or nodD auto-regulation (nodD-lacZ), respectively, measured as b-galactosidase activity in the absence or presence of naringenin. The results were listed in Table 4 . Seven classes of phenotypes were observed in the presence of nodD mutants. Class I was deficient of activating nodA transcription and abolished auto-regulation; class II was able to activate nodA transcription independently of naringenin and abolished auto-regulation; class III retained autoregulating but 12% of the ability of the wild type NodD to activate nodA transcription in the presence of naringenin; class IV was able to activate transcription independently of naringenin and retained auto-regulation; class V was able to activate nodA transcription in the absence of naringenin and abolished auto-regulation, unexpectedly, -SVIAWDPGINPAESDR-þ1
P89-[PG], I2 -SVIAWDPGPINPAESDR-þ2
P89-[CGC], I3 -SVIAWDPCGCINPAESDR-þ3
P89-[CPGC], I4 -SVIAWDPCGPCINPAESDR-þ4
P89-[CCGCC], I5 -SVIAWDPCCGCCINPAESDR-þ5
P89-[CCPGCC], I6 -SVIAWDPCCGPCCINPAESDR--þ6
a the deleted amino acid residues are shown as shaded and underlined areas and the inserted amino acid residues are shown as bold and underlined areas. the activation level of nodA appeared to decline significantly in the presence of naringenin; class VI, as mutant I1 showed, appeared to activate nodA transcription in the absence of naringenin, with higher induction ratio of 54 folds comparing with the wild type of 50 folds and retained auto-regulation property; class VII, as mutants I2, I3, I4, I5, and I6 showed, appeared to activate nodA transcription in the absence of naringenin, with lower induction ratio of 6-12 folds comparing with the wild type of 50 folds and retained their auto-regulation property unaffected (as I2 and I3 shown) or slightly affected (as I4, I5, and I6 shown). According to this classification, all tetracysteine tag insertion mutants within the hinge region I85-D96 described in previous work belonged to class VII [25] . The transcriptional levels of the insertion mutants in the presence of naringenin were 2-3 folds higher than that of the wild type. The transcriptional levels of the deletion mutants in the presence of naringenin were much lower than that of wild type.
Effects of nod box binding by NodD and its derivatives on the DNA bend angle To see the effects on the DNA structural modulation by NodD and its mutants, circular permutation assays were performed. These assays are based upon the observation that a bend at the middle of a DNA molecule affects the mobility of that fragment more severely than the same bend at the end of the molecule [37] . Three DNA fragments containing nod box were produced by PCR. The nod box region was distributed from the ends to the middle of these DNA fragments (Fig. 2) . These fragments were end-labeled and incubated with NodD or its mutants prepared. The concentration of the NodD mutants for circular permutation assay was adjusted in order to get the visual shift bands (see 'Materials and Methods'). The fragments were then subjected to electrophoresis at 48C and autoradiography. As shown in Fig. 3 , NodD-DNA complexes exhibited a strong position-dependent mobility. Such large alterations are generally interpreted as being due to a DNA bend [20] . Three paired primers were used to produce three 222-bp DNA fragments, which were represented by lanes 1, 2 and 3, respectively. The distances of nod box to both ends of these fragments were indicated.
The bend angles can be estimated using the empirical relationship,
where m m is the mobility of the protein-DNA complex with a bend at the center of the DNA fragment, m e is the mobility of the protein -DNA complex with a bend at the end of the DNA fragment and a is the angle by which the DNA departs from linearity [19] . The mobilities of the shift bands were shown in Fig. 4 and the estimated bend angles were listed in Table 4 . Results revealed that the DNA bend angles I2 and I5 induced were more relaxed than that of the wild type induced, the DNA bend angle I1 induced was the same with that of the wild type induced and the DNA bend angles of the remaining mutants induced were sharper than that of wild type induced. The DNA bend angle I3 induced was 568, same with that of D5 induced; DNA bend angle I6 Figure 3 The differential mobility of NodD mutant-DNA complexes The DNA fragments containing nod boxes used in lanes 1, 2 and 3 were indicated in Fig. 2 . Figure 4 Graphical representation of NodD mutants-induced DNA bending on nod box The mobility (in cm) of the NodD mutant -DNA complexes (in Fig. 3 ) is plotted against the number of bases between the left end of each fragment and the midpoint of the 50-bp nod box region. The bending angles of NodD mutant-DNA complexes calculated were listed in Table 4 .
induced was 558, same with that of D2 induced; and the DNA bend angle D1 induced was 538, same with that of D6 induced. However, as shown in Fig. 4 , the electrophoretic behaviors of I3 and D5 were different. Similarly the electrophoretic behaviors of I6 and D2 were also different, as well as D1 and D6.
Discussion
NodD is a member of the LTTRs, which typically comprises N-terminal DNA-binding domain and C-terminal regulatory domain. Our previous work showed there was a hinge region connecting the DNA-binding domain with regulatory domain. In this work, through variation in the length of the hinge region, seven classes of phenotypes were observed as mentioned above. The phenotypes of further deletion mutants (7 -11 amino acids of hinge region were deleted) were similar to D12 [25] , i.e. NodD's two properties were completely abolished (data not shown). However, further insertion mutation even when the inserted amino acid number was up to 11, NodD mutants also appeared to activate nodA in the absence of naringenin and lower induction ratio in comparison to the wild type in the presence of naringenin (data not shown). It seemed that to retain partial of the normal functions of NodD, the length of the hinge region should not be less than six amino acids. At present, in R. leguminasorum bv. viciae, the exact mechanism of how NodD responds to inducer to initiate the transcription of inducible nod genes remains unclear. One possible mechanism underlying LTTR-induced transcription of its target gene relates to protein-directed DNA bends [26, 28] . Results showed that the binding of NodD to nod box induced a bend [29, 30] . Modulating DNA bending is correlated with its NodD-mediated transcription [31] . Circular permutation assays showed that the DNA bend angles of nod promoter in those NodD mutants induced were differential ( Table 4) . In some cases, DNA bends might have in part contribution to nod genes activation; however, it is very hard to explain the results by DNA bend model. Some of NodD mutants induced the similar bend angle; however, the phenotypes of those mutants were quite different. In cases of I3-D5, I6 -D2, and D1-D6, as shown in Fig. 4 , the electrophoretic behaviors were also different. It is no doubt that the conformations of the NodD mutants-nod box complex were different, even for those causing the same DNA bend angle. Therefore, it is very likely that the overall conformation of NodD-nod promoter plays significant role in the inducible nod gene transcription.
Several in vitro experiments indicated that multiple LTTRs underwent conformational change in response to small signal molecules [26] [27] [28] 38, 39] , but the exact role of the conformational changes was not clear. It is possible that inducers can change the conformation of activators to expose their domains that interact with RNA polymerase (RNAP), facilitating the formation of the open transcription complex [40] [41] [42] . RNAP a-subunit C-terminal domain as a potential target for protein-protein contacts has been indicated for some LTTRs, such as OxyR [43] , CatR and ClcR [44] , NahR [45] , and CysB [46] .
In this study, all mutants retained their N-terminal DNA-binding domain and C-terminal regulatory domain. Therefore, it is possible that an insertion mutation increases the length of the hinge region and this may facilitate exposure of sites to the RNAP, while in the deletion mutants, the shortening of the length of the hinge region might make the active sites far away from the RNAP, such as in cases of D1 and D2, their ability of transcriptional activation was impaired. In the cases of D3, D4, D5, and D6, those mutants almost lost their auto-regulation. To our knowledge, the autoregulatory property of NodD was attributed to NodD's binding to nod promoter and thus interfered with the transcription of nodD itself [6, 7] . Thus, it seems likely that NodD mutants D3, D4, D5, and D6 binds to nod promoter weakly, therefore relieved repression. In those cases, it is possible that there might be other factors to facilitate D4, D5, and D6 to activate nodA transcription in vivo. It was reported that chaperonin GroEL is required for S. meliloti NodD activity in vivo, the addition of GroEL and ATP increased NodD1 binding to DNA [47, 48] .
In conclusion, our study showed that, although the hinge region did not interact with the DNA or the inducer, it played important role in NodD's performance. It was suggested that the inducer-binding site of NodD to inducer naringenin was near the hinge region in dimensional distance [49] . It was very possible that sequence I85-D96 performed as a relay junction between DNA-binding domain and regulatory domain, thus it could transfer inducer signal to the whole molecule of NodD, which then might be through conformational change to modulate DNA architecture or to expose its active sites to RNAP to facilitate transcription of inducible nod genes. This is the first report, to our knowledge, that wide range phenotypes could be generated, with active centers of the molecular intact, by only variations in length of the hinge region of NodD. This observation is meaningful especially in terms of molecular engineering to create various phenotypes of interest with active centers of the molecule intact. Because, given the limited way of observing phenotypes, the seemingly same phenotypes generated through different mechanisms, i.e. one from mutation in active centers of the molecule, and the other from the hinge region mutation but with all active centers intact, may turn out to be behaving differently in vivo.
